Traditionally, a black hole is a region of space with huge gravitational field, which absorbs everything hitting it. In history, the black hole was first discussed by Laplace under the Newton mechanics, whose event horizon radius is the same as the Schwarzschild's solution of the Einstein's vacuum field equations. If all those objects having such an event horizon radius but different gravitational fields are called as black holes, then one can simulate certain properties of the black holes using electromagnetic fields and metamaterials due to the similar propagation behaviours of electromagnetic waves in curved space and in inhomogeneous metamaterials. In a recent theoretical work by Narimanov and Kildishev, an optical black hole has been proposed based on metamaterials, in which the theoretical analysis and numerical simulations showed that all electromagnetic waves hitting it are trapped and absorbed. Here we report the first experimental demonstration of such an electromagnetic black hole in the microwave frequencies. The proposed black hole is composed of non-resonant and resonant metamaterial structures, which can trap and absorb electromagnetic waves coming from all directions spirally inwards without any reflections due to the local control of electromagnetic fields and the event horizon corresponding to the device boundary. It is shown that the absorption rate can reach 99% in the microwave frequencies. We expect that the electromagnetic black hole could be used as the thermal emitting source and to harvest the solar light. * tjcui@seu.edu.cn 1
realize such functional devices with unusual electromagnetic properties.
In this work, we realize the electromagnetic black hole in the microwave frequencies based on the theoretical prediction to the optical black hole using non-magnetic metamaterials [3] . We have designed and fabricated the electromagnetic black hole using non-resonant and resonant metamaterial structures, and measured the internal electric fields using a planar-waveguide near-field scanning apparatus. Experimental results have good agreements to the full-wave numerical simulations, which show obvious phenomena of microwave bending and trapping spirally into the black hole and not coming back. The electromagnetic black hole can absorb electromagnetic waves coming from all directions efficiently with an absorption rate of 99%, which could find wide applications in the thermal emitting and the solar-light harvesting.
In the analytical mechanics, the motion of matter attracted by the gravitational field could be described by the Hamilton equations:
in which p is the generalized momentum, q is the generalized coordinate, and H is the Hamiltonian. The
Hamiltonian represents energy of the system, which is the sum of kinetic and potential energy, denoted by T and V , respectively, as H = T + V, T = p 2 /(2m), V = V (q), in which m is the mass of matter.
In the geometrical optics, the Fermat principle determines the propagation of light. Considering that the eikonal function S t (r, θ) in a two-dimensional (2D) cylindrical coordinate is expanded in series S t (r, θ) = S(r, θ) − ωt as an Hamilton-Jacobi equation, we could get the Hamiltonian in optics as [21] 
in which p r = ∂S/∂r and p θ = ∂S/∂θ are the radial and angular momentum in the cylindrical coordinate, ω is the radian frequency, µ 0 is the magnetic permeability in free space, and ǫ(r) is the electric permittivity in the isotropic non-magnetic medium. Since the frequency is invariant in a time-harmonic system, the above equation reveals an energy conservation in mechanics. From the Hamilton equation, the trajectory of geometrical optics looks like a unit particle in a central potential which is given by [3] :
, in which ǫ b is the background permittivity, and c is the light speed. When the inhomogeneous electric permittivity is chosen as
the Hamilton equation represents a Kepler problem. The above permittivity distribution describes a layered dielectric cylinder, which includes a lossy circular inner core and a lossless circular shell with radially-varied permittivity, as shown in Fig. 1(a) . Here, R c and R stand for the radii of inner core and outer shell of the cylinder, while ǫ b and ǫ c represent the dielectric constants of the background medium and the lossy material inside the core. The radius of core is closely related to the ratio of two dielectric constants:
Under the ray approximation, it has been proved that the light hitting the cylinder will bend spirally in the shell region, and be trapped and absorbed by the lossy core, as illustrated in Fig. 1(a) . It is also shown that the scattering cross section per unit length of the cylinder is nearly zero, which is independent of the polarization state of incident waves [3] . Hence the dielectric cylinder behaves like a 2D black hole and the boundary represents the event horizon, which could absorb all lights hitting it from every direction.
When the operating frequency falls into the microwave band, the ray approximation produces a certain error, which results in small scattering cross sections from the black hole. Hence we expect that the electromagnetic black hole will absorb most electromagnetic waves hitting it from every direction with tiny scattering. Next we will validate the electromagnetic black hole through numerical simulations and experiments. From Eq. (3), the permittivity distribution of the black hole's outer shell (R c < r < R) varies gradually from the inner core to the background medium. Hence the outer shell can be realized by gradient refraction index metamaterials, which have been used in the design of some new concept devices such as the invisibility cloak [10] and ground cloaks [12, 13] .
A number of non-resonant metallic structures could be utilized as the basic element of gradient refraction index metamaterials, such as the circular ring, I-shaped structure, and Jerusalem cross. The dimensions of unit geometries could be adjusted to meet the demand of refraction indices at specific positions, to achieve the gradient distribution. In non-resonant metamaterials, the resonant frequencies of unit geometries are much higher than the operating frequency, and the dispersion curves for effective permittivity and permeability change slowly in a broad band. Considering the anisotropy of most metamaterial unit, the electromagnetic constitutive parameters for the black hole are adjusted for the transverse-electric (TE) polarization in the cylindrical coordinate as ǫ z = ǫ(r), µ φ = 1, and µ r = 1. In our design, we choose the non-resonant I-shaped structure [12] as the basic unit for the outer shell of the electromagnetic black hole, and the electric-fieldcoupled (ELC) resonator [19] as the basic unit for the inner core, which has large permittivity and large loss tangent simultaneously near the resonant frequency.
The photograph of the fabricated electromagnetic black hole is shown in Fig. 1(b) , in which the I-shaped Following the standard retrieval procedure [22] , the effective permittivity and permeability are obtained from the scattering parameters with the change of geometry dimensions. To determine the relation between geometry and medium parameters, an interpolation algorithm has been developed to generate the final layout according to the permittivity distribution required by the black hole.
From Fig. 2(a) , by changing the height of I-shaped unit, the real part of permittivity Re(ǫ z ) ranges from 1.27 to 12.64 at 18 GHz, while the permeability components, Re(µ r ) and Re(µ φ ), are always close to unity.
The imaginary parts of permittivity and permeability for the I-shaped unit, not shown here, are small enough to be neglected in the design of black hole. From Fig. 2(b) , the operating frequency is close to the resonant frequency of the ELC structure, which results in a very lossy permittivity ǫ z = 9.20 + i2.65 and lossy permeability components µ r = 0.68 − i0.01 and µ φ = 0.84 − i0.14 at 18 GHz.
In our design, the space between adjacent layers is 1. incident TE-polarized electromagnetic waves, a parallel-plate waveguide near-field scanning system is used to map the field distributions near the black hole at 18 GHz. A similar apparatus has been discussed in Ref. [23] . The separation between two plates is set as 6.5 mm, which is larger than the height of black hole to avoid the unnecessary dragging during measurements. The cutoff frequency of the waveguide system for the dominant TEM mode is 23 GHz. The bottom plate is mounted on a step motor which can translate in two dimensions. A monopole probe is fixed inside the waveguide as the feeding source, and a corner reflector To demonstrate the performance of black hole in the microwave frequency, we first consider the case of Gaussian-beam incidence. Figures 3(a) and (b) illustrate the distributions of simulated electric fields |E z | at 18 GHz when a Gaussian beam is incident on the black hole on-center and off-center, respectively. We note that all on-center rays are directly attracted by the black hole without reflections, and nearly all off-center rays bend in the shell region spirally and are trapped by the core. To evaluate the absorption of Gaussian beam by the electromagnetic black hole, we define an absorbing rate from the Poynting theorem as
in which P absorb is the net power entering the black-hole surface, and P in is the incident power. Under 3(d) and 3(f). Again, the simulation and experiment results have good agreements. From Figure 3 , the black hole is a good attractor and absorber to microwaves.
Comparing the experiment and simulation results with the theoretical prediction in the optical frequency [3] , it is clear that the design for optical black hole still holds in the microwave region. Hence we realize the electromagnetic black hole experimentally in the microwave frequency, which could be used to collect microwaves and energies in free space. When the incident waves are not narrow beams, they can also be absorbed efficiently by the black hole. In summary, we have designed, fabricated, and measured an electromagnetic black hole at the microwave frequency using non-resonant I-shaped metamaterials and resonant ELC metamaterials based on the theoretical study [3] . We have observed that nearly all incident waves and energies hitting the designed black hole 
